It has been reported that the work function of nitrided molybdenum ͑MoN͒ can be modulated by the atomic ratio of N/Mo and is suitable for gate material of complementary metal oxide semiconductor devices. In this work, we investigated the characteristics of MoN x prepared by reactively sputtering deposition from the gate electrode point of view. The main phase of the MoN x films is MoN͑200͒. As the N/Mo ratio increases, the microstructure of MoN x film tends to be amorphous-like and the resistivity increases. After high-temperature annealing, the phase remains stable and grain size increases slightly. The HfO 2 film has better immunity to sputtering damage than SiO 2 film; therefore, the sputtering deposition method could be a choice of metal gate deposition as HfO 2 -based dielectric is used. In this work, we first discuss the thermal stability of MoN x film deposited by reactive sputtering with different nitrogen atomic ratios and then examine the work function variations, as well as the Fermi pinning phenomenon, on SiO 2 and HfO 2 after annealing at different temperatures. Moreover, the sputtering damage, during MoN x deposition, was also investigated.
Metal gates are expected to replace polysilicon gates beyond the 45-nm technology node, according to the ITRS roadmap. 1 Suitable work function ͑⌽ m ͒ and chemical inertia of metal gates are the two main criteria for proper threshold voltage and easy device integration, respectively. The work function of metal gates should be 4.1-4.4 eV for bulk n-type metal oxide semiconductor field effect transistors ͑nMOSFETs͒ and 4.8-5.1 eV for bulk p-type MOSFETs ͑pMOSFETs͒. 2, 3 The chemical inert metal gates should be thermally stable enough to avoid chemical reaction with gate dielectric and the surrounding insulators during source/drain dopant activation. With these properties, metal gates could be suitable for the conventional gate process, which is much simpler than the replacement gate process. [4] [5] [6] [7] [8] [9] [10] Actually, for the complementary metal oxide semiconductor ͑CMOS͒ fabricated with conventional gate process, dualwork-function metal gates would still be crucial if two different metal gate materials are required. 11, 12 The significant challenges are removing the gate materials without damaging the underlying dielectric and simultaneous patterning different gate electrodes. Molybdenum ͑Mo͒ films have drawn a lot of attention as a single metal gate electrode of CMOS devices because the work function of Mo on SiO 2 can be adjusted from 4.36 to 4.95 eV. [13] [14] [15] [16] [17] [18] Moreover, molybdenum has low resistivity, good thermal stability, and high density, which is a benefit for ion-implantation mask. 15, 16 The work function of molybdenum varies with the bulk microstructure, which depends on the deposition and annealing conditions. 17, 18 It can also be modulated by the implantation of nitrogen or argon. 2, [18] [19] [20] [21] The work function of the ͑110͒-oriented Mo film is 4.95 eV. After nitrogen implantation to produce Mo 2 N phase, the work function can be lowered. 18, 21 However, the work function of Mo film on high-k dielectric, such as ZrSiO 4 or Si 3 N 4 , is quite different from that on SiO 2 and it is also thermally unstable. 14, 21 This observation was explained by the Fermi pinning effect due to interfacial dipole formation or minimum interfacial reaction. [22] [23] [24] [25] [26] In this work, we first discuss the thermal stability of MoN x film deposited by reactive sputtering with different nitrogen atomic ratios and then examine the work function variations, as well as the Fermi pinning phenomenon, on SiO 2 and HfO 2 after annealing at different temperatures. Moreover, the sputtering damage, during MoN x deposition, was also investigated.
Experimental
Sample preparation.-Simple metal oxide semiconductor ͑MOS͒ capacitors were used as the test devices. The starting material was 6-in., ͑100͒-oriented, and boron-doped p-type silicon wafers with a resistivity of 15-25 ⍀ cm. Oxide layers with various thicknesses of 40, 70, or 100 nm was thermally grown in dry O 2 ambient. Some wafers were deposited by a 5-nm-thick HfO 2 layer in a reactively sputtered deposition system with an Ar/O 2 gas-flow ratio of 24:3 sccm. During deposition, the chamber pressure was at 7.6 mTorr, the dc sputtering power was 100 W, and neither substrate bias nor heating was intentionally applied. Because the bottom oxide is thick enough, additional oxidation during HfO 2 deposition will not occur. After the preparation of gate dielectrics including SiO 2 single layer and HfO 2 /SiO 2 stack, all wafers were annealed at 900°C in N 2 ambient for 30 s in a rapid thermal annealing ͑RTA͒ system in order to reduce the oxide charges and make the microstructure of HfO 2 stable during the postmetal anneal. A lift-off process was used to define the metal gate electrode. The MoN x films with various Mo/N atomic ratios were reactively sputtered at 4.5 mTorr in a dc sputtering system to a thickness of 60 nm, with Ar/N 2 gas-flow ratios of 20:0, 20:5, 20:10, and 20:20. During deposition, the dc sputtering power was set to 25 W and neither substrate bias nor substrate heating was intentionally applied. Some wafers were deposited at 50 or 100 W to investigate the sputtering damage. After the lift-off process, wafers were cut into small pieces and were rapid thermal annealed at 400, 500, 600, 700, and 800°C for 30 s in N 2 ambient. The gate electrode is circular shape with diameter of 400 m. Finally, the aluminum film was deposited on the wafer back side by thermal evaporation to establish good ohmic contact.
The atomic composition of MoN x samples were identified by Rutherford backscattering spectroscopy ͑RBS͒. A graphite substrate was used instead of the silicon substrate to avoid the weak nitrogen signal from the MoN x layer being overlapped with the strong Si signal from the substrate. A 30-nm-thick SiO 2 layer was deposited in a plasma-enhanced chemical vapor deposition ͑PECVD͒ system on graphite substrate before MoN film deposition to provide a similar surface condition with real SiO 2 /Si samples. The crystalline phase of the MoN x films was examined by the X-ray diffraction ͑XRD͒ technique. The sheet resistance of the MoN x films was measured by four-point-probe method.
The capacitance-voltage ͑C-V͒ curves of the capacitors were measured at 100 kHz by a precision impedance meter of model Agilent 4284A, and then flatband voltage ͑V FB ͒ was extracted from the C-V curves. The current-voltage ͑I-V͒ curves were measured by a semiconductor parameter analyzer of model Agilent 4156C. The method of work function extraction is explained in the next subsection.
Work function extraction.-The widely used method to extract work function of metal gates on oxide is extrapolating the flatband voltage ͑V FB ͒ to zero equivalent oxide thickness ͑EOT͒ from the V FB vs EOT plot. The V FB is defined as
where ⌽ m and ⌽ Si are the work function of metal gate and silicon, respectively, Q eff is the equivalent oxide charges per unit area, and ox is the dielectric constant of SiO 2 . 27 The Q eff reflects the total effect of the interface trap charges ͑Q it ͒, the fixed oxide charges ͑Q f ͒, the oxide charges ͑Q ox ͒, and the mobile charges ͑Q m ͒. Actually, V FB should be expressed as
where ͑x͒ is the charge distribution in gate dielectric. Therefore, as the bulk charge density is not low enough, Eq. 1 cannot be applied to extract ⌽ m because of the nonlinear behavior of the V FB -EOT relationship. For many high-k dielectrics, such as HfO 2 used in this work, the bulk charge is not negligible. 28 This would result in failure of the conventional work function extraction method by changing high-k dielectric thickness.
In this work, we propose a simple method of using high-k/SiO 2 stack with constant high-k dielectric thickness and different SiO 2 thickness according to Ref. 28 . The bottom SiO 2 layer can avoid the formation of interfacial layer between high-k dielectric and Si substrate. With constant high-k dielectric thickness, the charges related to high-k dielectric, bulk charge in high-k dielectric, and interface charge at high-k dielectric/SiO 2 charge are fixed. The charge distribution of the stack structure is shown in Fig. 1 schematically. The V FB derived from Eq. 2 is expressed as
The high-k and SiO 2 are the uniform bulk charge density of highk dielectric and SiO 2 layer, respectively. It is noted is not necessary that these two charges be uniformly distributed. In that case integral form should be used in Eq. 3. The Q high-k and Q SiO 2 are the interface charges at the high-k dielectric/SiO 2 interface and the SiO 2 /Si interface, respectively. The EOT high-k and EOT tot are the effective oxide thickness of the high-k dielectric layer only and the effective oxide thickness of the whole high-k dielectric/SiO 2 stack. 28 With fixed high-k layer thickness, the flatband voltage is a linear function of EOT tot , because the first bracket term is constant
+ Q high-k EOT high-k ͒ and the last term can be eliminated on account of the small bulk oxide charge in SiO 2 layer. At first, we assume that the last term of Eq. 3 is negligible as SiO 2 EOT tot Ͻ Q SiO 2 . The validity of this assumption has been approved. 28 The bracket of the 3rd term is independent of EOT tot and is represented by Q o . In this case, Eq. 3 can be simplified to be
The flatband voltage extracted by this method is the work function of metal on high-k dielectric with an offset value accounting for the charges of the high-k layer. As the EOT high-k is low enough, the two EOT high-k 2 terms in the first bracket of Eq. 3 become negligible. Hence, the Q o accounts for the interface charge at high-k/SiO 2 interface.
The purpose of using thick bottom SiO 2 in this work is to simplify the extraction of work function difference. The work function difference is extrapolated from the V FB -EOT plot. However, only the capacitance equivalent thickness ͑CET͒ can be measured directly. Quantum effect correction must be used to transform CET to EOT if gate dielectric is thin. Because the work function difference is independent of EOT, it is not necessary to use a thin SiO 2 layer. Using a thick-bottom SiO 2 can neglect quantum correction and simplify the data processing.
Results and Discussion
Physical properties of MoN x films.- Figure 2 shows the RBS spectrum of MoN x films deposited on graphite substrate with various Ar/N 2 gas-flow ratios of 20:5, 20:10, and 20:20. Due to the use of graphite substrate instead of Si substrate, the nitrogen signals can be resolved clearly and the N/Mo atomic ratio can be determined precisely. The respective N/Mo atomic ratios are 0.85, 1, and 1.45. Figure 3 shows the XRD spectra of MoN x films annealed at different temperatures in N 2 ambient for 30 s. Strong MoN͑200͒ phase was detected over all samples. With the increase of annealing temperature, the intensity of MoN͑200͒ phase increases. The increasing intensity of MoN͑200͒ signal implies grain growth during high-temperature annealing. Looking into the XRD spectra, the higher the nitrogen content is, the weaker the MoN͑200͒ signal in- 
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Journal of The Electrochemical Society, 153 ͑3͒ G197-G202 ͑2006͒ G198 tensity is. This phenomenon implies that the excess nitrogen can make the MoN x films tend to be amorphous-like. However, the drawback of high nitrogen content in the MoN x is the high resistivity of the film. As the annealing temperature increases, the sheet resistance decreases due to grain growth but the higher nitrogen content samples still show higher resistivity. Table I lists the MoN x films' ID and summarizes the above material characteristics.
When the atomic ratio of N/Mo is less than 0.40, the main phase is Mo. With the increase of nitrogen content ranging from 0.40 of atomic ratio to 0.54, the main phase is Mo 2 N including ␤-Mo 2 N and ␥-Mo 2 N. The ␤-Mo 2 N will transfer into the ␥-Mo 2 N phase at higher temperature anneal and higher nitrogen content. The nitrogen content ranged from 0.54 to 0.67; the main phase is Mo 3 N 2 . Furthermore, molybdenum nitride with nitrogen content higher than 0.67 has the main phase of MoN. 29 In this work, the N/Mo atomic ratio is higher than 0.85 so that molybdenum nitride has the main phase of MoN.
Sputtering damage.-During sputtering deposition, physical bombardment of metal atoms may damage gate dielectric. 30 To evaluate the sputtering damage of MoN x film deposition, MoN-2 film of 60 nm was deposited on SiO 2 ͑5 nm͒/Si and HfO 2 ͑5 nm͒/Si substrates at various sputtering powers. The 5-nm-thick HfO 2 film was deposited on a HF-dipped Si substrate. The postdeposition annealing was performed at 900°C in N 2 ambient for 30 s in a RTA system. The postmetallization annealing was performed at 400°C in N 2 ambient for 30 s in the same RTA system. Figure 4 shows the typical I g -V g characteristics of all samples measured in accumulation mode. With the increase of sputtering power from 25 to 100 W, the leakage current of the SiO 2 samples increases. In contrast, the leakage current of HfO 2 samples is not affected by the sputtering power, although the leakage current of the HfO 2 samples is higher than that of the SiO 2 samples deposited at 25 and 50 Watts due to narrower bandgap and thinner EOT of the HfO 2 films. Therefore, it is presumed that the bombardment damage can be scaled with the sputtering power, and the HfO 2 layer has better immunity to bombardment damage due to high density and heavy Hf atoms. This presumption is verified by measuring the penetration of Mo atoms into dielectric.
After the removal of MoN gates by H 2 SO 4 /H 2 O 2 mixture, the surface layer of gate dielectric was etched by dilute HF solution ͑DHF͒ and HF/isopropyl alcohol ͑IPA͒ mixture for SiO 2 and HfO 2 , respectively. The Mo content in solutions was analyzed by the inductively coupled plasma mass spectrometry ͑ICP-MS͒. The Mo content in SiO 2 is shown in Fig. 5a . It is clear that Mo penetrates into the SiO 2 layer at least 2 nm. Moreover, the concentration of the Mo depends on the sputtering power. Figure 5b shows the Mo content in the HfO 2 layer. Up to 100 W sputtering power, Mo in the HfO 2 layer is still under the detecting limit of Mo by ICP-MS, which is about 0.2 ppb, i.e., 3 ϫ 10 17 atoms/cm 3 . This result confirms that the heavy and dense HfO 2 film is more immune to bombardment damage than SiO 2 film. Sputtering deposition may be not a suitable method for metal gate deposition on SiO 2 dielectric but could be a choice for some high-k dielectric films. In the following The good linearity reflects the validity of Eq. 1 and 4. According to Eq. 1, the y axis interception in the V FB -EOT plot represents the work function difference between metal gates and Si substrate ͑⌽ ms = ⌽ m − ⌽ Si ͒. While according to Eq. 4, the y axis interception in the V FB -EOT plot represents the work function difference ͑⌽ ms ͒ plus the effect of the HfO 2 /SiO 2 interface charges ͑Q high-k ͒. With known Si substrate concentration, the work function of metal gate on SiO 2 layer can be extracted. However, on the HfO 2 layer, an offset due to the Q high-k are inevitable. We denote the offset value as
The ⌽ m of MoN x films on SiO 2 and ⌽ m Ј of MoN x films on HfO 2 extracted from the V FB -EOT plots are shown in Fig. 7a and b, respectively. The ⌽ m and ⌽ m Ј of MoN x films are almost independent of the annealing temperatures but are dependent on the nitrogen content. This is one of the advantages of MoN x because the work function of several metals changes after thermal annealing. 31 The MoN x films on SiO 2 with N/Mo atomic ratios of 0, 0.85, 1, and 1.45 have work functions of 4.60, 4.97, 5.03, and 5.11 eV, respectively, after 500°C annealing. Compared with the MoN-0 sample, the increase of work function ͑⌬⌽ m ͒ is 0.37, 0.43, and 0.51 eV as the N/Mo ratio is 0.85, 1, and 1.45, respectively. The increase of work function is not linearly dependent on the nitrogen composition. It increases rapidly with the addition of nitrogen and then gradually saturates at high nitrogen concentration. It is concluded that the work function of MoN x film on SiO 2 can be adjusted by nitrogen incorporation from midgap to close to valance band of Si and can be applied as a gate electrode of bulk pMOSFETs or fully depleted silicon on insulator pMOSFETs. uted to Q high-k now. After a simple calculation, the Q high-k is −1 ϫ 10 13 cm −2 , which is consistent with that reported in literature. 28 The extracted work function of pure Mo film ͑MoN-0͒ on SiO 2 is 4.6 eV in this work. This value is different from the results of some literature. The work function of Mo depends on its crystalline orientation. There are several possible orientations of Mo film deposited by sputtering. Among them, only the ͑110͒ orientation has a work function close to the valence band of Si. The other orientations show work functions close to the midgap of Si.
17 Figure 8 shows the electron diffraction pattern of the 600°C-annealed Mo film. Although ͑110͒ is the dominant orientation, several crystalline orientations including ͑200͒, ͑211͒, and ͑220͒ are also identified. Therefore, the work function of the MoN-0 sample of 4.6 eV is reasonable and is consistent with other works, [15] [16] [17] although some recent papers reported that the work function is reduced by implanting nitrogen into Mo͑110͒ film. The nitrogen concentrations are not high enough so that the main phase is Mo 2 N in those works. 2, [18] [19] [20] [21] In this work, Mo-nitride films were prepared by reactive sputtering technique and the N/Mo ratio is around unity. As shown in Fig. 3 , the main phase of our samples is MoN͑200͒ but not Mo 2 N. Therefore, the different observation between our work and the references could be explained as follows. As the orientation of Mo film is pure ͑110͒, the work function is close to the valance band of Si. Nitrogen implantation destroys the ͑110͒ crystalline and the Mo film becomes amorphous. After annealing, the phase is Mo 2 N due to insufficient nitrogen concentration. The work function of Mo 2 N is close to the midgap of Si. Therefore, the higher the nitrogen implantation dose, the lower the work function is. Once the nitrogen concentration is high enough and the phase changes to be MoN, the work function increases. The work function of MoN is close to the valence band of Si, while the work function of Mo 2 N is close to the midgap of Si.
Thermal stability.
- Figure 9a and b shows the C-V curves of MoN-0 and MoN-3 samples, respectively, after annealing at different temperatures. The gate dielectric is a 40-nm-thick SiO 2 film. Slight distortion of the C-V curves at weak accumulation mode is observed for the MoN-0 sample annealed at temperatures below 600°C, and the distortion can be recovered after annealing at higher temperature. The distortion should be attributed to the interface states between gate dielectric and Si substrate.
Similarly, the C-V curves of HfO 2 samples with HfO 2 ͑5 nm͒/SiO 2 ͑40 nm͒ stack gate dielectric are shown in Fig.  10 . No distortion of C-V curves is observed. This observation confirms that HfO 2 is more immune to sputtering damage than SiO 2 previously. The accumulation capacitance of all SiO 2 and HfO 2 samples is almost the same. This result confirms the thermodynamic stability of HfO 2 /thick SiO 2 stack. 31 All these results indicate that MoN x films on both SiO 2 and HfO 2 layers are thermally stable up to 800°C. This result is better than several metals such as TiN, TaN, and TaSiN. 
